Abstract Molecular rotors are a group of environmentsensitive fluorescent probes whose quantum yield depends on the ability to form twisted intramolecular charge-transfer (TICT) states. TICT formation is dominantly governed by the solvent's microviscosity, but polarity and the ability of the solvent to form hydrogen bonds play an additional role. The relationship between quantum yield φ F and viscosity η is widely accepted as a power-law, φ F = C · η x . In this study, we isolated the direct influence of the temperature on the TICT formation rate by examining several molecular rotors in protic and aprotic solvents over a range of temperatures. Each solvent's viscosity was determined as a function of temperature and used in the above power-law to determine how the proportionality constant C varies with temperature. We found that the power-law relationship fully explains the variations of the measured steady-state intensity by temperatureinduced variations of the solvent viscosity, and C can be assumed to be temperature-independent. The exponent x, however, was found to be significantly higher in aprotic solvents than in protic solvents. We conclude that the ability of the solvent to form hydrogen bonds has a major influence on the relationship between vis- cosity and quantum yield. To use molecular rotors for the quantitative determination of viscosity or microviscosity, the exponent x needs to be determined for each dye-solvent combination.
Introduction
Molecular rotors are fluorescent environment-sensitive molecules with strong dependency of their emission spectra on the polarity and viscosity of the environment [1] [2] [3] [4] . The photophysical principle of molecular rotors is based on their ability to form twisted intramolecular charge transfer (TICT) complexes: Upon photoexcitation, an electron is transferred from an electron donor group to an electron acceptor group within the same molecule. Under the ensuing electrostatic force, the molecule has a high propensity to assume a twisted state with a lower excited-state/ground-state energy gap [5, 6] . The energy gap can be so small that relaxation from the TICT state occurs without photon emission, and emission occurs from the planar, locally excited (LE) state with a high sensitivity of the quantum yield towards the viscosity of the solvent, but a low sensitivity towards polarity [6] [7] [8] .
These molecules enjoy growing popularity as realtime microviscosity probes [4, 7, [9] [10] [11] [12] [13] , because their quantum yield increases with the viscosity of the solvent. The relationship between a molecular rotor's quantum yield φ F and the solvent viscosity η is most commonly described by a power-law, often referred to as the Förster-Hoffmann equation (Eq. 1):
where C is a dye-dependent constant, x is both dye-and solvent-dependent, and σ is a dye-dependent constant that reflects the mechanical and electrostatic properties of the rotating group and has units of viscosity [14] . Förster and Hoffmann [14] derived this equation under the assumption that the twisting molecular segments experience microfriction that is linked to the bulk viscosity through the Debye-Stokes-Einstein (DSE) model of viscosity, whereas Loutfy et al. [15] arrived at the same power-law relationship by assuming that diffusion is primarily governed by molecular free volume. An in-depth review of the theory underlying Eq. 1 can be found in [16] . Equation 1 is often found in the literature in its logarithmic form, with C and σ −x combined into one single constant:
In the rigorous derivation by Förster and Hoffmann, the constant C is determined by the physical properties of the dye, such as the excited-state electrostatic forces and the difference between the lowest-energy intramolecular rotation angle in the ground-and excited states, whereby x ≡ 2/3 as result of an integration step. In the empirical derivation by Loutfy et al., the constant C depends on both the dye and the solvent, and the exponent x was experimentally determined [2] and found to be near 0.6 [1, 7, 10, 17] . Some studies stipulate a temperature-dependent rate of TICT formation [1, 3, 18] , where the relaxation rate through intramolecular rotation (i.e., TICT formation), k rot , follows an Arrhenius function (Eq. 3),
where k 0 rot is an intrinsic, dye-dependent reorientation rate, E A is an apparent activation energy, k B is Boltzmann's constant, and T the temperature. The quantum yield φ F is inversely proportional to k rot , and therefore, temperature can be assumed to have a significant direct effect on the fluorophore's quantum yield. The assumption of a temperaturedependent behavior is reasonable, because the quantum yield of most fluorescent molecules decreases with increasing temperature, but the exact temperaturedependent reorientation rate is difficult to determine, because temperature-dependent viscosity changes also influence the reorientation (i.e. TICT formation) rate. To our knowledge, the temperature-dependent behavior of the constants C and x in Eq. 1 has not been fully examined.
When molecular rotors are applied to determine viscosity, either in bulk fluids [19] or in spatiallyresolved viscosity maps [13, 20, 21] , the question of an intrinsic temperature dependency becomes crucial, because the viscosity of fluids itself is temperaturedependent. Therefore, the goal of this study is to examine C and x as functions of temperature by accounting for temperature-dependent viscosity changes in the solvent. We found that the quantum yield change is explained by the temperature-dependent change in solvent viscosity, and temperature-dependent changes of C and x have negligible influence on the quantum yield.
Materials and methods

Theoretical approach
In steady-state spectroscopy, emission intensity I em is proportional to the quantum yield φ F of a fluorophore, to instrument gain factors g, to excitation intensity I ex , and-for low dye concentrations-to the dye concentration c,
We now combined the temperature-independent extrinsic factors into one constant G and substituted the quantum yield with the viscosity-dependent term from Eq. 1. However, we allowed x to be a variable parameter instead of setting x ≡ 2/3 as required by Förster and Hoffmann. Under these assumptions, Eq. 4 can be rewritten as
where (T) indicates a function of temperature. In relation to Eq. 1, we useĈ = C · σ −x to combine the specific dye-dependent factors that govern intramolecular rotation, and we refer toĈ as the intrinsic quantum yield of the dye as it is a proportionality factor for the quantum yield. Under the assumption of a temperature-driven reorientation rate (Eq. 3),Ĉ will exhibit temperature-dependent behavior.
To isolateĈ(T), we determined the temperaturedependency of the solvent viscosity, η(T), and acquired emission intensities I em (T) in the same temperature range. To reduce experimental error caused by the viscosity measurement, we assumed all solvents to follow the Vogel-Fulcher-Tammann model, Eq. 6,
where η 0 is a proportionality constant, v g is the volume at the glass-transition temperature, α is the linear thermal expansion coefficient, and T g is the glass transition temperature. The Vogel-Fulcher-Tammann model has been named after the authors of individual works [22] [23] [24] and is widely used to describe the temperaturedependent viscosity behavior of glass-forming liquids, which includes the solvents used in this study (see e.g., [25, 26] for an overview). Instead of using individual measurements of the viscosity at a specific temperature T, we determined the constants in Eq. 6 from the entire temperature series through nonlinear regression and used the viscosity from Eq. 6, thus reducing point-topoint errors.
We assumed the constant G in Eq. 5 to be temperature-independent and defined a new variable ζ(T) that is proportional to both the constant G and the temperature-dependent intrinsic component of the fluorophore,Ĉ:
The new variable ζ(T), which we refer to as intrinsic intensity to distinguish it from the intrinsic quantum yieldĈ(T), captures the temperature-dependent behavior of the fluorophore, and at the same time becomes measurable with steady-state fluorescence when Eq. 7 is substituted into Eq. 5, which is then solved for ζ(T):
We then calculated ζ(T) from the measured data points of viscosity and emission intensity at a specific temperature, plotted ζ(T) over the temperature T and examined the plot for any trends. If the hypothesis of a temperature-driven reorientation rate is correct, a consistent decline of ζ(T) with increasing temperature must be found. More specifically, if the intramolecular rotation rate follows an Arrhenius-type behavior, we expect to find a good nonlinear curve fit of Eq. 3 into the data points of ζ(T) over T.
Materials
Eight solvents were used, covering both polar protic and polar aprotic groups. The polar protic solvents were isopropanol, ethylene glycol, ethanol, and pentanol. The polar aprotic solvents included dimethyl sulfoxide (DMSO), dimethylformamide (DMF), propylene carbonate, and n-methyl-2-pyrrolidone (NMP). All solvents were spectroscopy-grade and purchased from Sigma-Aldrich (St. Louis, MO). Six molecular rotors, whose structures can be seen in 1 Chemical structures of the molecular rotors used in this study. 1 and 2 are the commercially available DCVJ and CCVJ, respectively. 3-5 are a family of anilino-based molecular rotors with increasing chain length at the donor group, and 6 is similar to 3, but with a phenyl-sulfonyl group replacing the ester group used with each solvent independently. Molecular rotors 1 and 2 are 9-(2,2-dicyanovinyl)julolidine (DCVJ) and 9-(2-carboxy-2-cyanovinyl)julolidine (CCVJ), respectively, and were purchased from Invitrogen. Molecular rotors 3 through 5 are a related family of p-N, N-dialkylaminobenzylidene cyanoacetates, and 6 is similar to 3, but the methyl ester group has been substituted for a phenyl-sulfonyl group. Synthesis of 3 through 6 together with the basic spectroscopic properties is described elsewhere [27] .
Determining temperature-dependent viscosity behavior
The viscosity of the various solvents was measured in a Brookfield DV III+ cone-and-plate rheometer with a CP-40 cone and Rheocalc v2.3 software (Brookfield Engineering, Middleboro, MA). A volume of 800 μL of each solvent was placed into the device cup, which was temperature-controlled with circulating water from a temperature-controlled water bath. The temperature in the water bath was continually increased in 3
• increments from 15 to 45 • C. Temperature inside the rheometer cup was measured with the rheometer's built-in temperature probe. After the temperature stabilized for each 3
• increment, viscosity was measured and recorded using the Rheocalc software, which controlled all aspects of testing. Maximum spindle speed was automatically determined to stay below the maximum allowable torque. The viscosity readings at the highest torque and at the two next lower torque settings, both upon ramping up and ramping down, were averaged to provide one single viscosity value for each temperature step. Equation 9 , which is a simplified form of Eq. 6, was fit into the data to obtain the empirical constants A, B, and T 0 for each solvent.
Measuring fluorescence intensity emission Stock solutions of the molecular rotors 1 through 6 were created at a concentration of 5 mM in dimethyl sulfoxide (DMSO, fluorscopic grade, Sigma-Aldrich). A 20 μL aliquot of the stock solution was then thoroughly mixed with 10 mL of each solvent to afford a final concentration of 10 μM of the molecular rotor. Out of 48 possible combinations, only CCVJ in dimethylformamide and CCVJ in n-methyl-2-pyrrolidone were not examined, because CCVJ precipitates in those solvents. For each sample, 3.5 mL were filled into methacrylate fluoroscopic cuvettes and placed in a Spex Fluoromax-3 Fluorophotometer. Temperature was controlled with a thermoelectrically controlled sample holder (Quantum Northwest Turret-400). After the optimal excitation was found for each sample, a time-based acquisition scan was performed with an integration time of one second. Temperature was increased in increments of 3
• from 15
• to 45
• C every 900 s. Over a time span of 9,900 s, an intensity time-course for each solvent-rotor solution was obtained. Intensity was averaged over 200 s for each plateau after the fluid was allowed to equilibrate for 700 s after each temperature change. The averaged intensity was taken as a single data point of intensity as a function of temperature, I(T).
Statistical tools
All data analysis and graphing, including nonlinear regression, was performed with Graphpad Prism (version 5). Equation 9 was entered as custom equation, and the viscosity data points at their temperature provided the constants A, B, and T 0 for each solvent. From these constants, the viscosity was computed to form a table of matching intensity over viscosity for each solventdye combination, finally leading to a table of ζ over T for each solvent-dye combination, which were then plotted. For each data set of ζ(T), we also computed the mean value μ(ζ ) and standard deviation σ (ζ ), and defined the coefficient of variation CV(ζ ) = σ (ζ )/μ(ζ ) as a measure of variability. Because of the low number of samples, nonparametric statistical tests were used throughout, notably the Mann-Whitney test to compare two groups and the Kruskal-Wallis test to compare multiple groups.
Results
The Vogel-Fulcher-Tammann model, represented by Eq. 9, described the viscosity data η(T) well with R 2 > 0.998 in all cases, and data were described significantly (F-test, P < 0.0001) better by Eq. 9 than by the Arrhenius model, that is, the empirical form of Eq. 9 with T 0 = 0. Two representative results of the nonlinear regression are shown in Fig. 2 .
All molecular rotors showed a decrease of their emission intensity as the cuvette temperature was raised. A representative emission timecourse and the resulting data of temperature-dependent intensity, I(T), is shown in Fig. 3 . Intensity data I(T) and computed viscosity data η(T) were now combined through Eq. 8 under the assumption of a constant exponent x = 0.6 (a value frequently used in the literature). The result was the apparent intrinsic temperature-dependency of the molecular rotor in its respective solvent.
We found no uniform trend of ζ(T) in dependency of the temperature T. Some molecular rotors (notably 1 and 4) show very low variability of ζ(T). Some After each temperature step, the fluid temperature was allowed to equilibrate for 700 s. Eleven average intensity values were computed from each timecourse and drawn over the temperature (b)
Fig. 4 Intrinsic intensity ζ(T)
as a function of temperature for molecular rotors 1-6 in all solvents. CCVJ (2) Shown are three representative dyes (1 with low polarity, 2 and 6 with some polarity) in isopropanol and DMSO. For each combination of dye and solvent, a specific value of x exists that minimizes the coefficient of variation. The value of x is closer to unity in the polar aprotic solvent DMSO than in the polar protic solvent isopropanol combinations, foremost 2 in ethylene glycol, 3, 5, and 6 in n-methyl-2-pyrrolidone, show a decrease of the intrinsic intensity with temperature, which could be well described by the Arrhenius model (Eq. 3). On the other hand, several combinations show an increasing trend of ζ(T), for example, 2 in pentanol, 6 in dimethylformamide, and 3 in DMSO. Furthermore, in several instances, u-shaped curves of ζ(T) over T can be seen, most notably 2 in ethanol and pentanol, and 4 in dimethylformamide. The plots of ζ(T) over T for all possible rotor-solvent combinations and under the assumption of a constant x = 0.6 can be seen in Fig. 4 . The non-uniform trend of ζ(T) over T and the low variability of ζ(T) in some cases led us to the question whether the assumption of x = 0.6 is valid. Using the exact value x = 2/3 found by Förster and Hoffmann [14] did not fundamentally change the trends we found (data not shown). We now examined whether a value of x existed that minimized the variability of ζ(T) with the temperature. Computation of CV(ζ ) as a function of x revealed a distinct minimum in all cases. The variation of CV(ζ ) with the exponent x is shown in Fig. 5 in two representative solvents and three representative dyes. In all dye-solvent combinations, one specific value of x exists, where the coefficient of variation becomes very small. We refer to this value of x as the "optimal" x. The optimal x is higher in the less-polar solvents than in the polar-protic group. Averaged over all dyes, the mean value of the optimal x is 0.68 for the polar protic solvents (isopropanol, ethylene glycol, ethanol, and pentanol) compared to 0.98 for the aprotic solvents (DMSO, DMF, NMP, and propylene carbonate). The difference is statistically significant (Mann-Whitney test, P < 0.0001). Furthermore, the mean value for the polar protic solvents (0.68) is very close to the theoretical value (2/3) predicted by Förster and Hoffmann [14] . One notable exception is dye 6 in DMF, where the optimal x of 0.43 is the smallest value encountered. Finally, a very weak trend exists that the optimal x increases with the number of carbons in the anilino group of dyes 3, 4, and 5. A linear trend between the number of carbons and x is only statistically significant for isopropanol. However, the optimal x value is higher for 5 than for 3 in all solvents (average: 10%, range 1.8-16.3%, statistically significant difference from zero with the Wilcoxon signed rank test, P < 0.008). Table 1 shows the optimal x values and the corresponding values of ζ , averaged over the entire temperature range, for all solvent-dye combinations. Note that ζ has units of 10 6 counts per second because of the instrument gain factor G (Eq. 4). 
Discussion
Molecular rotors have recently gained popularity as nonmechanical viscosity probes for bulk fluids [19, 28, 29] and as microviscosity probes in liposomes [7, [30] [31] [32] and cells [13, 17, 20, 21] . In many environments, the temperature can be controlled, and the observation of relative changes of viscosity is possible. If two intensity measurements I 1 and I 2 are taken at a constant temperature, for example, before and after the application of a viscosity-altering treatment, the ratio of two emissions (cf. Eq. 5) becomes:
where η 1 and η 2 are the viscosities before and after treatment, respectively (see, e.g., [17, 32, 33] ). The constants G andĈ cancel out under identical experimental conditions, most importantly, identical dye concentration, constant temperature and constant excitation intensity. If the viscosity before treatment (η 1 ) is known, Eq. 10 can be solved for the unknown η 2 :
However, this approach requires that the constant x is known. Furthermore, if absolute measurements are required, the additional proportionality constants G andĈ need to be determined as well. Moreover, a temperature-dependent behavior of the dye constants (namely,Ĉ), influences the ability of molecular rotors to measure viscosity. Since all fluids exhibit decreasing viscosity with increasing temperature, a molecular rotor in solution is expected to show a reduced quantum yield to reflect the reduced solvent viscosity. When the quantum yield is directly influenced by the temperature, however, viscosity measurement becomes more complex, because the intrinsic temperature-dependency needs to be accounted for. Notably, if η 1 and η 2 in Eq. 10 are taken at different temperatures,Ĉ(T) in the numerator and denominator cancel out only of they are temperature-independent.
The original goal of this study was to determine the temperature behavior of the intrinsic quantum yieldĈ. Under the original hypothesis, the intrinsic reorientation rate is a thermally-induced process [3, 18, 30] , and therefore the intrinsic quantum yield was expected to decrease with temperature. Our results do not support this hypothesis. Rather, we found that the emission intensity decrease in solvents of increasing temperature was fully explained by the decreasing viscosity of the solvent, provided that the exponent x of the Förster-Hoffmann equation (Eq. 1) is seen as dependent on both the dye and the solvent. Under the assumption of a constant (that is, solvent-independent) exponent x, the intrinsic quantum yieldĈ shows variability with temperature. However, we did not find uniform behavior ofĈ with temperature. Among the possible functionŝ C(T), e.g., exponentially decreasing or linearly increasing, the instances where we found u-shaped functions with an apparent preferential temperature convinced us that no universal model exists that explained our measuredĈ(T).
Under a modified hypothesis we now assumed that C(T) = const, whereby the exponent x now becomes part of the nonlinear regression process to fit the function in Eq. 1 into our intensity/temperature data. We found that Eq. 1 can indeed explain the measured data forĈ(T) = const, but that x now depends on the dye and the solvent, with a noticeable increase of x in aprotic solvents.
Polar protic solvents (in this study, isopropanol, ethylene glycol, ethanol and pentanol) possess an acidic hydrogen and can therefore display hydrogen bonding in addition to polar-polar interaction with the dye. On the other hand, polar aprotic solvents (in this study, DMSO, DMF, propylene carbonate and n-methyl-2-pyrrolidone) do not possess an acidic hydrogen and do not display hydrogen bonding. In accordance with the literature (see, e.g., [1, 5, 34] ) we interpret the intensity data in this study as a consequence of three competing mechanisms that influence the formation rate of TICT states: Solvent viscosity, which hinders TICT formation through microfriction, polar-polar interaction and hydrogen bonding, which both stabilize the TICT states [35] [36] [37] [38] .
Polar-polar interaction can be quantified through the dipole moment, which causes the solvent molecules to reorient around the excited-state fluorophore, or through the dielectric constant. However, we found no statistical correlation between the optimum x and either the dipole moment or the dielectric constant (Table 2) . For this reason, we conclude that the ability to form hydrogen bonds primarily influences the exponent in Eq. 1. Solvents unable to form hydrogen bonds lead to values of x closer to unity, whereas the presence of bond-forming hydrogen atoms leads to a lower value of x. Taking this idea to the extreme, we could speculate that the reorientation rate depends linearly on DebyeStokes-Einstein viscous friction [16] and in a power-law fashion on hydrogen bond formation. The combination of both effects would lead to a form of Eq. 1, because hydrogen bond formation would dominate at low viscosities, whereas viscous microfriction would dominate at high viscosities. However, we are unable to directly support this speculation with our data, and due to the extremely poor solubility of the molecular rotors in nonpolar solvents, such experiments would be difficult to conduct. The constant ζ (second half of Table 1 ) describes the intrinsic quantum yieldĈ of each dye, multiplied with the instrument gain G that we assume to be constant throughout the study. Therefore, ζ is a dye-and solvent-dependent constant that is independent of the solvent viscosity. With the exception of CCVJ, where two data points are missing due to poor solubility, ζ is higher in average in the polar aprotic solvents than in the polar protic solvents. This observation is consistent with the notion that hydrogen bond formation stabilizes the TICT state and therefore enhances the TICT formation rate [35] [36] [37] [38] . However, the differences between the values of ζ in protic and aprotic solvents are statistically not significant (Kruskal-Wallis test with Dunns multiple comparison test) and may be attributed to experimental error, to the relatively low number of solvents analyzed and to the high variability of the ζ -values within each solvent group.
In conclusion, we separated extrinsic influences (i.e., solvent viscosity) and intrinsic influences (i.e., solventindependent TICT formation rate) of the temperature on the emission intensity, and thus the quantum yield, of viscosity-sensitive molecular rotors. We found that the intensity changes are fully explained by the temperature-dependent changes of solvent viscosity. Our conclusion is that the TICT formation rate is governed by solvent polarity, viscosity, and its ability to form hydrogen bonds, but temperature does not influence the TICT formation rate directly in a measurable way. The results of this study support the application of molecular rotors as viscosity sensors in environments of variable temperature. However, we also found that the quantitative measurement of the solvent viscosity requires the individual calibration (that is, the determination of the constantsĈ and x) for the individual solvent type.
Which of the molecules examined in this study would be the optimum viscosity sensor? The choice of a suitable molecule is dominated by the application, for example, whether a hydrophobic or more hydrophilic molecule, such as 2, is desired. From their photophysical behavior, a choice can be made by comparing the exponent x, which can be interpreted as the molecular rotor's sensitivity to viscosity changes (Eq. 11), or the intrinsic quantum yieldĈ, which can be seen as the molecular rotor's viscosity-independent base intensity (Eq. 5). Compound 3 has the highest value of x in most polar solvents (Table 1) and can be considered a good choice for high sensitivity, followed by 6, which has higher x-values in aprotic solvents. In applications where a low concentration of dye is required, a high value ofĈ (and correspondingly, ζ ) is desirable. Both 2 and 6 can be noted for their brightness, which is also reflected by high values of ζ in Table 1 .
